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Pyruvate carboxylase purified from Rhizopus arrhizus in the presence of 1 mM EDTA shows markedly non- 
linear progress curves when assayed in the presence of acetyl-CoA (activator) or L-aspartate (inhibitor). 
The non-linear progress curves are not abolished by preincubation of the enzyme with substrates, activator 
or inhibitor. Activation by acetyl-CoA is prevented and can be reversed by the addition of EDTA. Enzyme 
purified in the absence of EDTA is immediately responsive to activation by acetyl-CoA and inhibition by 
L-aspartate and shows linear progress curves. Incubation of such an enzyme with EDTA induces properties 
characteristic of the preparation purified in the presence of this chelating agent. Tight binding of EDTA 
to the enzyme could not be demonstrated. 
Pyruvate carboxylase Rhizopus arrhizus Acetyl-CoA L-Aspartate EDTA Regulation 
1. INTRODUCTION 2. METHODS 
Hysteretic enzymes characteristically show non- 
linear rates of reaction which change slowly over a 
period of minutes to hours before reaching a 
steady state [1,2]. Pyruvate carboxylases from 
various species have been reported to show such a 
hysteretic response to varying degrees [3-61. It has 
been assumed that this response, as for other such 
enzymes, was an intrinsic property of the pyruvate 
carboxylase protein which resulted from a slow 
change in the conformation of the enzyme induced 
by the presence of its substrates [6]. 
Pyruvate carboxylase isolated from Rhizopus 
arrhizus has been shown to display an extreme 
hysteretic response when assayed in the presence of 
the regulatory modifiers acetyl-CoA or L-aspartate 
[7]. Here we demonstrate that inclusion of EDTA 
in buffers employed to purify the enzyme is 
responsible for the apparent hysteretic responses 
of pyruvate carboxylase isolated from this 
organism. 
R. arrhizus (ATCC13310) was grown in a defin- 
ed medium with glucose as the sole carbon source 
and mycelium was harvested and stored as in [8]. 
Pyruvate carboxylase was extracted and purified 
by ammonium sulfate fractionation and 
chromatography utilizing an avidin monomer af- 
finity column as in [9] but omitting EDTA from all 
buffers for some experiments. Enzyme purified in 
the presence or absence of EDTA gave a single 
protein band when analysed by polyacrylamide gel 
electrophoresis in the presence and absence of 
sodiumdodecylsulphate. 
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Pyruvate carboxylase was assayed by measure- 
ment of the rate of oxaloacetate production in the 
presence of malate dehydrogenase and NADH as 
in [lo]. The reaction mixture contained, in 0.5 ml, 
100 mM K+ Hepes (pH 8.0), 10 mM KCl, 5 mM 
MgCL, 2 mM NaATP, 20 mM KHC03, 0.15 mM 
NADH, 5 pug malate dehydrogenase and acetyl- 
CoA or L-aspartate at the concentrations in- 
dicated. Units are expressed as pmol oxaloacetate 
formed/min at 25°C. For non-linear progress 
curves, rates were obtained by drawing tangents to 
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the relationship between the absorbance at 340 nm 
and time at the times indicated in the figures. 
3. RESULTS 
Pyruvate carboxylase isolated from beef liver 
mitochondria [6] does not undergo an hysteretic 
response if it is pre-incubated in an incomplete 
assay system containing 100 mM KC1 at pH 7.8 
and pyruvate is used to initiate the reaction. The 
use of similar assay conditions in the presence of 
acetyl-CoA does not eliminate the increase of the 
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Fig.1. Effect of substrate depletion and product ac- 
cumulation on the change in the reaction rate with time 
of pyruvate carboxylase from R. arrhizus caused by the 
presence of acetyl-CoA or L-aspartate. Assay conditions 
were as described in section 2. The reaction was initiated 
by addition of 0.4pg pyruvate carboxylase (spec. act. 8.8 
units/mg which had been in the presence of 1 mM ED- 
TA) in the presence of 0.2gm acetyl-CoA (0,o) or 0.4 
mM L-aspartate (A, A). When the first addition of en- 
zyme (~,a) had reached a linear rate, a second aliquot 
of enzyme was added (.,A). The activity expressed by 
the second aliquot was determined after subtraction of 
20 LO $0 sb 
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Fig.2. Effect of EDTA on activation of pyruvate car- 
boxylase from R. arrhizus by acetyl-CoA. Pyruvate car- 
boxylase was assayed as described in section 2 but with 
the addition of 0.2 pm acetyl-CoA; 0.1 mM EDTA was 
added to the assay system either before addition of en- 
zyme (0) or at the time indicated (0) or not at all (w). 
Pyruvate carboxylase (spec. act. 7.5 units/mg prepared 
in the presence of 1 mM EDTA) was used to initiate the 
the linear rate expressed by the first. reaction. 
reaction rate with time observed for R. arrhizus 
pyruvate carboxylase purified in the presence of 
EDTA. Similarly, if the assay is initiated by addi- 
tion of ATP, KHCOs or Mg2+ in the presence of 
acetyl-CoA, an increase in rate with time is still 
observed (not shown). Furthermore, as shown in 
fig. 1, addition of a second aliquot of enzyme to a 
complete assay system gives the same increase in 
rate with time in the presence of acetyl-CoA and 
decrease in rate in the presence of L-aspartate as 
was seen for the initial addition. Hence this 
response appears to be independent of substrate 
depletion or product accumulation. 
However, the increase in rate with time observed 
in the presence of acetyl-CoA can be prevented if 
EDTA is added to the assay system although in 
such a system the enzyme shows little response to 
this activator (fig.2). However, if R. arrhizus 
pyruvate carboxylase is allowed to reach a steady- 
state rate in the presence of acetyl-CoA and EDTA 
is then added, a slow decrease in rate with time is 
observed towards the basal value observed on in- 
itial addition of the enzyme to the assay system 
containing acetyl-CoA (fig.2). 
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The effect of EDTA on the non-linear relation- 
ships of rate with time observed for pyruvate car- 
boxylase isolated from R. arrhizus can be more 
clearly seen if the enzyme has been purified in the 
absence of EDTA. When such enzyme prepara- 
tions are used to initiate catalysis in the presence or 
absence of acetyl-CoA, significant and rapid ac- 
tivation by acetyl-CoA is observed with no signifi- 
cant delay in achievement of the steady-state rate 
(fig.3A). Furthermore, if EDTA is added to a sam- 
ple of such an enzyme which is then used to initiate 
catalysis in the presence and absence of acetyl- 
CoA, no significant activation is observed initially. 
However, in the presence of acetyl-CoA, but not 
significantly in its absence, a marked increase of 
rate with time is observed (fig.3B). After 30 min 
the extent of activation by acetyl-CoA at the lower 
concentration used (5 PM) approximates that ob- 
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Fig.3. Effect of addition of EDTA on the properties of 
activation of R. arrhizus pyruvate carboxylase by acetyl- 
CoA. Pyruvate carboxylase was purified in the absence 
of EDTA as described in section 2. Aliquots of the 
purified enzyme (spec. act. = 9.1 units/mg) were in- 
cubated in the presence (B) or absence (A) of 1 mM 
EDTA for 2 h at 22’C and then samples taken for assay 
as described in section 2 in the presence of 0 (a), 5 (m) 
and 50 (A) yM acetyl-CoA. The final concentration of 
EDTA in the assay system for samples incubated in the 
presence of EDTA was 4 pM. Control studies 
demonstrated that direct addition of this concentration 
of EDTA to the assay system had no effect on the pro- 
perties of activation by acetyl-CoA. 
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Fig.4. Effect of addition of EDTA on the properties of 
inhibition of R. arrhizus pyruvate carboxylase by L- 
aspartate. The studies were performed in the presence of 
0 (o), or 2 (A) mM L-aspartate and the data analysed 
and presented as described for fig.3. 
tained immediately for the enzyme which was not 
pre-treated with EDTA (fig.3). 
When similar experiments are performed to 
determine the effects of EDTA on the decrease in 
rate with time observed for R. arrhizus pyruvate 
carboxylase in the presence of L-aspartate very 
similar results were obtained. Thus, the enzyme to 
which EDTA was not added responds instantly to 
inhibition by L-aspartate (fig.4A) but after addi- 
tion of EDTA the initial sensitivity to inhibition by 
L-aspartate is much decreased. However, the rate 
observed in the presence of L-aspartate decreases 
with time to approximate after 20 min that ob- 
served initially for the enzyme to which no EDTA 
was added. 
In both figs 3 and 4 it is also apparent hat addi- 
tion of EDTA causes some inhibition of the rate of 
catalysis observed in the absence of acetyl-CoA or 
L-aspartate and that small time-dependent in- 
creases do occur in this rate for the enzyme treated 
with EDTA (fig.3B,4B). 
4. DISCUSSION 
The data presented here demonstrate that the 
changes in the reaction rate with time primarily 
observed for R. arrhizus pyruvate carboxylase in 
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response to acetyl-CoA or L-aspartate are 
generated by the presence of EDTA in the enzyme 
preparation. Since the isolation of pyruvate car- 
boxylase routinely involves the use of buffers con- 
taining 0.5-l mM EDTA [lo] the interpretation of 
such apparent hysteretic responses of pyruvate car- 
boxylase in the context of metabolic control [6,1 I] 
could be erroneous if, as would seem likely, such 
responses for other pyruvate carboxylases also 
prove to be an artifact caused by inclusion of 
EDTA in extraction and purification buffers. 
Thus two possible explanations may be con- 
sidered for them effects of EDTA on the catalytic 
properties of R. arrhizus pyruvate carboxylase 
shown in figs 2-4. Either this chelating agent may 
bind to the enzyme and may be displaced by addi- 
dion of acetyl-CoA or L-aspartate or alternatively 
treatment with the chelating agent may remove a 
bound metal ion which is essential for expression 
of the regulatory properties and for which rebind- 
ing is facilitated in the presence of acetyl-CoA or 
L-aspartate. Preliminary experiments using [14C]- 
EDTA indicate that no significant radioactivity is 
associated with the enzyme-containing fractions 
when pyruvate carboxylase and [14C]EDTA are 
separated by gel filtration. Furthermore the effect 
of exposure of the enzyme to EDTA cannot be 
reversed by dialysis. Neither of these observations 
appear consistent with the formation of an en- 
zyme-EDTA complex. 
R. arrhizus pyruvate carboxylase has not yet 
been examined for the possible presence of bound 
metal ion but studies on other pyruvate carboxyl- 
ase which are regulated by an acyl derivative of 
coenzyme A and by one or more dicarboxylic acids 
have revealed the presence of bound manganese in 
the enzyme from mammalian and avian liver [12, 
131 and of bound zinc in the enzyme from Sac- 
charomyces cerevisiae [ 141. In contrast, analysis of 
pyruvate carboxylase from Pseudomonas citronel- 
fobs which is insensitive to regulation by any 
metabolite tested thus far, failed to show any 
evidence for the presence of a bound metal ion 
([5], unpublished). When taken together with the 
data presented here these findings suggest hat the 
bound metal ion in pyruvate carboxylases which 
are regulated by metabolic effecters may be involv- 
ed in the correct functioning of the regulatory sites 
or of catalytic site-regulatory site interaction 
rather than participating in the catalytic 
mechanism as suggested previously [ 151. Further 
studies are required to test this latter postulate. 
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